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The flexible loop of human FEN1 endonuclease is
required for flap cleavage during DNA replication

and repair
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The conserved, structure-specific flap endonuclease
FENI1 cleaves 5" DNA flaps that arise during replica-
tion or repair. To address in vivo mechanisms of flap
cleavage, we developed a screen for human FEN1
mutants that are toxic when expressed in yeast. Two
targets were revealed: the flexible loop domain and
the catalytic site. Toxic mutants caused G, arrest and
cell death and were unable to repair methyl methane-
sulfonate lesions. All the mutant proteins retained
flap binding. Unlike the catalytic site mutants, which
lacked cleavage of any 5’ flaps, the loop mutants
exhibited partial ability to cut 5’ flaps when an adja-
cent single nucleotide 3’ flap was present. We suggest
that the flexible loop is important for efficient cleavage
through positioning the 5’ flap and the catalytic site.
Keywords: FEN1/flap endonuclease/loop domain/repair/
replication

Introduction

The flap endonuclease (FEN1) is central to several aspects
of DNA replication and repair and belongs to a family
of structure-specific nucleases evolutionarily conserved
between Archaea and Eukarya (reviewed in Bambara et al.,
1997; Lieber, 1997; Shen et al., 1998). Members of this
family are highly homologous to the nucleotide excision
repair XPG-like family of proteins and share structural and
functional similarity to several 5" nucleases of bacterio-
phages and to prokaryotic 5’ nucleases that are part of
DNA polymerases (Shen et al., 1997). The FEN1 enzymes
can recognize and cleave 5" flap structures including RNA-
containing flaps that are common intermediates in DNA
replication (Kao et al., 2002). Flap removal by FENI
is also essential in long-patch base excision repair
(Klungland and Lindahl, 1997). Proliferating cell nuclear
antigen (PCNA) stimulates FEN1 activity, enhancing its
binding stability, resulting in increased cleavage efficiency
in vitro (Li et al., 1995; Tom et al., 2000) as well as
enhanced function in vivo (Gary et al., 1999).

The minimal requirement for cleavage in vitro is a
bifurcated double-stranded molecule with a free 5’ end
(pseudo Y) (Kaiser et al., 1999). Cleavage is more efficient
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with 5" flap structures that have an upstream double-
stranded region adjacent to the bifurcation. For all FEN1
and FENIl-like enzymes examined from Eubacteria,
Archaea, yeast and mouse, the presence of a one-base
overlap (resulting in a local double-flap structure) can
stimulate activity (Harrington and Lieber, 1995; Kaiser
et al., 1999; Xie et al., 2001; Kao et al., 2002). This
stimulation has led Kaiser et al. (1999) to suggest that
there is a region or pocket in the FENI protein that
specifically recognizes a 3’ unpaired nucleotide at a
junction in lagging strand replication to facilitate proper
cutting and subsequent production of a nick that can be
ligated by DNA ligase 1.

Among several crystal structures of FEN1 proteins and
its homologs that have been solved, all have a flexible
loop containing a helical motif. The loop is thought to
interact with the 5" flap prior to cleavage. A flexible loop
structure was identified in Methanococcus jannaschii and
Pyrococcus furiosus (Hosfield et al., 1998; Hwang et al.,
1998), as well as in T5 5’-exonuclease where the
corresponding region adopts a helical arch similar to the
loop of FENI1 proteins (Ceska et al., 1996). The loop
consists of a number of positively charged and aromatic
residues and may form a hole large enough to accommo-
date single-stranded DNA (Hwang et al., 1998). The
flexible loop region of human FEN1 (hFEN1) probably
spans 48 amino acids (from residue 87 to 134) based on
sequence comparison with the L1 loop domain in
M jannaschii (Hwang et al., 1998). It has been proposed
that the 5" end of the DNA flap could thread through the
hole of the loop, and that the junction between single- and
double-stranded regions could be recognized by both the
L1 loop and the catalytic active site metals in M.jannaschii
FEN1, and the two domains might interact to accomplish
the cleavage reaction (Hwang et al., 1998).

The importance of FENT1 in preserving genome integrity
has been demonstrated by the dramatic consequences of
defects in flap endonuclease activity in yeast and mam-
malian cells. Null mutants of the FEN1 gene RAD27 (also
known as RTH or/YKL510) of the yeast Saccharomyces
cerevisiae exhibit a strong mutator phenotype that is due
primarily to small duplications involving 3—12 base repeat
sequences, high recombination rates, growth inhibition at
37°C and extreme sensitivity to the DNA alkylating agent
methyl methanesulfonate (MMS) (Tishkoff et al., 1997;
and references therein). rad27 mutants also exhibit high
rates of gross chromosome rearrangements (Chen and
Kolodner, 1999). Similarly, human bladder carcinoma
cells expressing nuclease-deficient FEN1 are sensitive to
MMS and UV (Shibata and Nakamura, 2002). Based on
work in yeast, FEN1 may also prevent trinucleotide repeat
instability associated with several diseases such as
mytonic dystrophy and fragile X syndrome (Schweitzer
and Livingston, 1998; White et al., 1999).
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The yeast S.cerevisiae has proven an ideal in vivo test
tube for characterization of mammalian DNA metabolic
genes (Resnick and Cox, 2000), particularly for the
characterization of hFEN1. Within the FEN1 family, the
structure-specific flap endonucleases are highly homo-
logous. The S.cerevisiae Rad27 protein has 61 and 55%
amino acid identity with human and Xenopus FENI,
respectively. The human and Xenopus FENI1 proteins
complement the MMS sensitivity of a S.cerevisiae rad27
mutant (Bibikova et al., 1998; Frank et al., 1998).
Moreover, the hFEN1 protein can (i) compensate for the
rad27 defect in genetic stability; (ii) complement the
synthetic lethality between rad27 and various repair and
replication mutants (Greene et al., 1999); and (iii)
complement the temperature-sensitive growth defect of a
rad27 null mutant (Frank et al., 1998).

While there has been considerable analysis of the
biochemical activities of mutant hFEN1 proteins, rela-
tively little is known about in vivo consequences of
mutations in this protein. Sequence alignment of 18
structure-specific nucleases within the FEN1 and the XPG
family revealed seven highly conserved carboxyl residues
essential for flap cleavage which are clustered in the two
conserved N-terminal and intermediate (N and I) regions
(Shen et al., 1996, 1997). In vivo structure—function
analysis of hFEN1 has been confined to the catalytic site
residues D181 and D160 (Frank et al., 1998; Greene et al.,
1999). Interestingly, a D181 A mutation in hFENT1 or the
corresponding D179A change in S.cerevisiae Rad27,
which eliminates nuclease activity while maintaining
substrate binding capability, can result in toxicity (inhibi-
tion of survival and growth) even in the presence of the
wild-type yeast gene (Greene et al., 1999).

Based on our observations with the D181A allele, we
anticipated that other toxic mutants could provide insight
into the relationship between in vivo function and the
structure of hFEN1. We therefore developed a screen in
the yeast S.cerevisiae for the isolation of hFEN1 mutants
that are toxic when expressed from an inducible promoter.
Remarkably, half of the toxic mutations were located in
the predicted flexible loop domain, while all the others
corresponded to the conserved catalytic residues. Through
a combination of genetic approaches and biochemical
analyses with various flap substrates, we established that
the flexible loop is essential for flap cleavage by hFENI.

Results

Development of a yeast reporter system and
isolation of human FEN1 toxic mutants

Previously, we showed that the mutation D181A rendered
hFENT toxic when the protein was expressed at high levels
in a S.cerevisiae rad27A background (Greene et al., 1999).
The toxicity was increased when the last 49 amino acids
were replaced by the terminal 48 amino acids of Rad27,
presumably due to increased binding to yeast PCNA
and/or greater transport into the nucleus. We examined
the consequences of the hFEN1 DI81A allele and the
corresponding chimeric (Ch) derivative when over-
expressed from a GALI-10-inducible promoter on a
high copy plasmid (i.e. YEpl95SpGALFENI-n and
YEp195SpGALFEN1-n,Ch) in the following strains: a
rad27A mutant, a rad27 mutant defective in PCNA
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binding (rad27-p), a wild-type RAD27 strain and
two strains (FS-1 and FS-3) where the RAD27 open
reading frame (ORF) was replaced by hFENI1 and
hFEN1-Ch ORF, respectively. The highest toxicity was
observed for the DI81A hFEN1 chimera mutant
expressed in the rad27A4 background (order of toxicity in
the chosen backgrounds: Arad27>rad27-p>hFEN1 and
hFEN1-Ch>wild-type RAD27). We therefore chose to
mutagenize hFENI1-Ch and express this gene on the
multicopy YEpl195SpGALFENI1-Ch plasmid in the
Arad27 mutant strain.

We used mutagenic PCR to introduce random point
mutations into the entire FEN1-Ch ORF of YEp195Sp-
GALFEN1-Ch. The PCR products (~1 kb) together with
linearized YEpl195SpGAL vector were co-transformed
into the Arad27 strain, and recombinants resulting from
recombination in the overlapping regions of the PCR
fragments and the plasmid (containing the URA3 gene)
were recovered on Ura- medium (see Materials and
methods in the Supplementary data, available at The
EMBO Journal Online). Among ~12 000 transformants
tested, nearly 100 failed to grow on galactose medium
(Figure 1).

To evaluate toxicity better, we next crossed each of the
clones containing a potential hFEN1 mutation on the
plasmid with three isogenic strains containing either the
Arad27 allele, the PCNA binding-deficient allele rad27-p
or the wild-type RAD27 gene. Single colony isolates were
tested for toxicity after dilution pronging on galactose
media lacking uracil. All Arad27/RAD27 diploids grew
normally on galactose. Some mutants, referred to as weak,
grew normally when crossed with the rad27-p strain and
showed partial growth inhibition when crossed with a
Arad27 strain. The strong mutants showed partial growth
when crossed with the rad27-p strain and showed strong
growth inhibition in a homozygous Arad27 diploid strain
(data not shown).

Fifty (39 strong and 11 weak) of the toxic mutant strains
were chosen for sequence analysis. As shown in
Supplementary table I, all had mutations in the hFEN1
sequence with repeated occurrence of some sites. Among
40 of the 50 clones, there was a mutation in one of the
following amino acids: D34, D86, K93, R100, L111,
L130, E158, E160, D179 or D181 (a previously identified
toxic site; Greene et al., 1999) (see Figure 2A, and
Supplementary table I). Twenty-one of these 40 were
single mutants, and single mutations were found in each of
the 10 residues listed above. These amino acids include all
the reported catalytic residues, D34, D86, E160 and D181,
which when mutated lack nuclease activity but retain
substrate binding (Shen et al., 1997; Frank et al., 1998).
Mutations in residues E158 and D179 that were described
as leading to a deficiency both in nuclease activity and flap
binding (Shen ez al., 1997) were also isolated in our screen,
although with different amino acid substitutions.

In addition to mutations affecting highly conserved
residues, we repeatedly found mutations in amino acids
K93, R100, L111 and LI130 (8, 3, 5 and 4 times,
respectively; see Supplementary table I) that are conserved
in human, mouse and S.cerevisiae. These residues of
hFENT lie in the region that aligns with the loop domain of
M jannaschii (Hwang et al., 1998). In a three-dimensional
model of hFEN1 protein derived from X-ray structures of
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M jannaschii (Hwang et al., 1998) and P.furiosus
(Hosfield et al., 1998) FENI proteins, these residues are
a part of the loop domain (Figure 2B). Moreover, hFEN1
protein has 34 and 38% amino acid identity with those of
M.jannaschii and P.furiosus, respectively.

The remaining 10 clones contained more than one
mutation and none of them corresponded to residues
isolated as single amino acid changes. Altered S94, L97
and E106 residues were found in three toxic mutants.
These amino acids also map to the loop domain. When
these mutations were created as single changes in hFEN1,
two of them (S94 and L97P) also had a toxic effect. The
combined results suggest that the loop domain between
amino acids 87 and 134 plays an important role in hFEN1
function.

In vivo toxicity and dominance of FEN1

loop mutations

To characterize the various single mutations further, the
following site-specific changes were created in plasmids
pGALFEN1-WT and pGALFEN1-ChWT: D34G (GAT—
GGT), D34N (GAT—AAT), DI179G (GAC—GGCO),
DI179N (GAC—AAC), E158V (GAG—GTG), K93R
(AAG—AGG), R100H (CGC—CAC), L111P (CTG—
CCG), L130P (CTG—CCG), S94P (TCA—CCA), L97P
(CTG—CCG), E106G (GAG—GGG) and DI8IA (the
previously reported mutation in the catalytic site). The
pGALFEN1-ChWT derivative mutant plasmids were
transformed into Arad27, rad27::FEN1-Ch (strain FS-3)
and RAD?27 strains. Since the hFEN1-n mutation is toxic in
the rad51 background (Greene et al., 1999) suggesting
DNA damage, we also introduced the same plasmids into a
Arad51 strain (DAG97). Similarly, we transformed
Arad27 and rad27::FENI1 (strain FS-1) strains with
pGALFEN1-WT-derived mutant vectors. Strains FS-1
and FS-3 were used to evaluate dominance and toxicity of
mutants. The plasmids YEp195SpGAL, pGALFEN1-WT
and pGALFEN1-ChWT were used as controls.

Six transformants for each strain and plasmid combin-
ation were examined for survival and growth by dilution
pronging on Gal Ura~ medium. Overexpression of the
hFEN1 mutants in the different backgrounds revealed a
wide range of toxicities. Presented in Table I are the single
mutants in increasing order of toxicity. Relative to
catalytic site mutants, the loop domain mutants exhibited
toxicities that ranged from comparable (L111P), to more
(K93R and L97P) or less toxic (L130P, S94P and R100H).
The lack of toxicity of E106G suggests that one of the
other mutations, Q113R or T127P, which were identified
in the same clone might be the source of toxicity
(Supplementary table I).

With the exception of E106G, all mutants were
dominant over wild-type hFEN1-Ch and hFEN1 when
overexpressed. While there was no apparent dominance
over the wild-type RAD27 gene, there was partial domin-
ance in a Arad51 strain (Table I). This suggests that the
toxic mutants can lead to DNA damage, some of which is
subject to recombination repair.

Analysis of toxic mutants integrated into

the genome

Since plasmid copy number and stability might be affected
by the overexpressed hFEN1-Ch mutant proteins, we also
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Fig. 1. Categories of toxic mutants based on differences in survival and
growth. Survival and growth effects of toxic hFEN1 mutants highly
expressed under the GALI-10 promoter on plasmids pGALFEN1-Ch or
PGALFENI in the Arad27 strain (E275). Presented are 10-fold serial
dilutions of cultures plated to Gal Ura~ media after 3 days of incubation
at 30°C. Survival categories: +++, 100% similar to wild-type; ++,
10-100%; +, 1-10%; —, <1%. Growth categories: 3, normal colonies,
like wild-type; 2, small colonies; 1, very small colonies; 0, no detect-
able growth. Presented are the Arad27 strain containing the vector
YEp195SpGAL and the wild-type hFEN1 in the chimeric form (top
left); mutant L130P and S94P in the chimeric form; mutant DI181A in
the non-chimeric form; and mutant R100H and D181A in the chimeric
form. A difference in survival and growth (+/1 versus —/0) was clearly
observed between R100H Ch and D181A Ch after an additional 3 days
of growth. Survival and growth were the same (+++/3) for all clones on
Ura™ media (data not shown).

characterized the effects of single copies of toxic alleles
integrated in the genome. The hFEN1-Ch mutants under
control of the GALI-10 promoter were integrated such that
they replaced the RAD27 ORF (Table II; Materials and
methods). Effects on survival and growth were analyzed
by dilution pronging of three isolates of each strain on 2%
galactose medium. As described in Table II, the effects of
overexpression of the integrated versus the multicopy
toxic mutants were similar (Table II, third column).
Since hFENI can complement the RAD27 repair
function in yeast (Greene et al., 1999), we examined the
ability of mutants to complement or interfere with repair of
MMS-induced damage. As shown in Table II, the toxic
hFENT alleles that had replaced the RAD27 locus resulted
in MMS sensitivities comparable with those of a Arad27
mutant under conditions of low (glucose) or somewhat
higher basal expression (raffinose). When expression was
increased by a low level (0.01%) of galactose, the toxic
hFENT1 alleles sensitized the Arad27 cells to MMS. We
conclude that the toxic hFENT alleles, even those causing
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Fig. 2. Location of the human FEN1 toxic mutations. (A) The position of all toxic mutations in the hFEN1Ch protein. The residues affected are shown
together with the substitution(s) identified in the screen for toxicity. Many of the toxic mutations are located in the loop domain (blue). (B) Three-
dimensional model of hFEN1 protein based on X-ray structures of FEN1 proteins from M.jannaschii and P.furiosus (PDB1A76 and PDB1B43 are the
respective accession numbers into the 3D databases), and the positions of toxic mutants. The model of hFEN1 was produced by an automatic program,
after submitting the hFEN1 amino acid sequence and selecting the comparative three-dimensional sequences (Web location: www.expasy.ch/
swissmod), the software used to label amino acids of interest in hFEN1 is Swiss-PdbViewer (v3.5b1; O version 6.2.1). The Swiss-PdbViewer file con-
taining the model is provided in the Supplementary data. Amino acids involved in the catalytic site and the loop domain are represented in red and

blue, respectively.

modest toxicity, are not only defective in DNA repair, but
they actually increase the sensitivity of a rad27 mutant.
Since the toxic mutants affect growth, we analyzed their
impact on cell progression. Arrests at specific points in the
cell cycle are indicative of checkpoint responses to lesions.
Strains with integrated toxic alleles were incubated in 2%
galactose overnight, and the frequencies of G; cells
(unbudded), S-phase cells (small buds) and G, or G,/M
cells (large buds) were determined microscopically
(Weinert and Hartwell, 1988). Consistent with the toxic
phenotype, there was little growth of the mutants during
this period (last column in Figure 3A). As shown in
Figure 3A, only a small fraction (up to ~10%) of the wild-
type, the Arad27 mutant and the wild-type hFEN1-Ch
strains formed large buds, typical of G,/M cells. This
increased from 18.8 to 41.7% for the toxic mutants. More-
over, a high percentage of cells had abnormal mor-

phologies, indicative of altered cell division (Figure 3A
and B). The reduction in S-phase cells indicates that if
DNA lesions arise during replication, they are subject to
G,/M checkpoint controls.

Flap cleavage by wild-type human FEN1 and the
role of single and double flaps
All the hFEN1 mutant proteins used in this study had Hisg
tags on their C-termini to facilitate purification. To
determine whether this modification affects enzyme
activity, wild-type hFEN1 was cloned without the tag
and purified according to the methods of O’Jonsson et al.
(1998). No differences in activity (DNA binding and
catalysis) compared with the Hisg tag counterpart were
observed (data not shown).

Flap cleavage at a 5’ flap is stimulated by an overlapping
3’ flap for the mouse (Harrington and Lieber, 1995), yeast
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Table I. Effects of toxic mutants on survival and growth when highly expressed on plasmids

Allele Domain? Arad27 + Arad27 + rad27::hFEN1-Ch + rad27::hFENI1 + Arad51 + RAD27 +
pGALFEN1-Ch pGALFENI pGALFENI1-Ch pGALFENI pGALFENI1-Ch pGALFENI1-Ch
Vector +4+b +++ +++ +++ +++ +++
3¢ 3 3 3 3 3
Wild-type +++ +++ +++ +++ +++ +++
FENI1-Ch 3 3 3 3 3 3
E106G Loop +++ +++ +++ +++ +++ +++
3 3 3 3 3 3
L130P Loop +++ ++ +++ +++ +++ +++
2 1 2 2 1 3
S94P Loop +++ ++ +++ +++ ++ +++
1 1 2 1 1 3
R100H Loop + - +++ ++ +++ +++
1 0 1 1 1 3
D34N Catalytic - ++ +++ +++ ++ +++
0 2 2 2 1 3
DI18IA Catalytic - ++ ++ +++ ++ 4+
0 1 1 2 1 3
D34G Catalytic - + +++ +++ ++ +++
0 1 1 1 1 3
E158V Catalytic - - +++ +++ T+ o+
0 0 1 2 2 3
D179G Catalytic - - ++ ++ ++ +++
0 0 1 1 1 3
D179N Catalytic - - ++ ++ ++ +++
0 0 1 1 1 3
L111P Loop - - ++ + ++ +++
0 0 1 1 1 3
K93R Loop - - - + ++ +++
0 0 0 1 1 3
L97P Loop - - - - ++ T+
0 0 0 0 1 3

Survival and growth effects of toxic mutants highly expressed (2% galactose) under the GALI-10 promoter on plasmids pGALFENI1-Ch or
PGALFENI in Arad27, FS-3 (rad27::hFEN1-Ch), FS-1 (rad27::hFEN1), Arad51 and RAD27 strains on Gal Ura™ media.

aThe domain (catalytic or loop) of each mutation is shown.

bSurvival categories: +++, 100%, similar to wild-type; ++, =10% <100%; +, =1% <10%; —, <1%.

¢Growth categories: 3, normal colonies, like wild-type; 2, small colonies; 1, very small colonies; 0, no detectable growth. Survival and growth
categories are illustrated in Figure 1. They were determined as the most frequent categories among six independent transformant clones in a dilution
pronging experiment following 3 days incubation at 30°C. Variation within each group of six clones was never wider than one category and it was
never observed for more than two of the six clones tested. After 6 days of incubation, survival did not change (not shown).

(Kao et al., 2002), bacterial and archaeal nucleases (Kaiser
et al., 1999). We therefore examined the ability of the
wild-type tagged hFENT1 protein to cleave a 5" flap in the
presence or absence of a one-base overlapping 3’ flap.
Cutting was determined at low salt concentrations, where
nuclease activity can be observed in the absence of its
accessory protein PCNA (O’Jonsson et al., 1998) and was
detected by the release of the radioactively labeled flap as
described in Figure 4 (see Materials and methods).
Hydrolyzed products were quantified by phosphoimaging.
In contrast to FEN1 protein from other organisms, hFEN1
did not exhibit substrate preference for single- versus
double-flap structures. The amount of cutting was com-
parable over the range of nuclease concentrations tested
(0.15-25 ng; 3.6-600 fmol), and the rate of cleavage was
similar with single- and double-flap substrates. In both
cases, the 5" flap was cut at a single position (21 nucleotide
product) between the first two base pairs in the down-
stream duplex, as reported previously (O’Jonsson et al.,
1998). Previous reports indicating two sites of cleavage,
one base into the duplex as we observed, plus another site
at the flap junction (Xie et al., 2001; Kao et al., 2002),
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could be due to differences in substrate sequence at the
junction.

Toxic human FEN1 mutants retain DNA binding
Twelve hFEN1 mutant proteins were expressed in
Escherichia coli and purified extensively (Figure 5A).
Wild-type and hFEN1 mutants were incubated with single-
(Figure 5C) or double-flap (Figure 5D) DNA-beads and
tested as outlined in Materials and methods. Bound hFEN|1
mutant proteins were detected by immunoblotting using
antibody to hFenl. There was no binding to beads without
attached DNA for wild-type or mutant proteins (Figure 5B;
data not shown). All 12 hFEN1 mutants exhibited
DNA binding to both substrates (Figure 5E and F), at
levels similar to that of the wild-type hFEN1 even in the
presence of excess unlabeled double-stranded DNA
(Supplementary figure 1).

We also found that all mutant and wild-type hFEN1
proteins were able to bind PCNA (data not shown). The
ability to bind both PCNA and flap substrates indicates that
the mutant proteins are not misfolded.
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Table II. Effects of integrated FEN1-Ch mutants on survival, growth and repair of MMS-induced change

Strain Domain® High Low Low Very low Very low Basal Basal Basal

expression  expression expression expression expression expression  expression expression

2% Gal 0.01% Gal  0.01% Gal 0.004% Gal  0.004% Gal 0% Gal 0% Gal 0% Gal

1 mM MMS I mM MMS I mMMMS 2 mM MMS

RAD27 +++P +++ +++ +++ +++ +++ +++ +4++

3¢ 3 3 3 3 3 3 3
Wild-type +++ +++ +++ +++ +++ +++ +++ ++
FENI1-Ch 3 3 3 3 3 3 3 2
Arad27 +++ +++ ++ +++ ++ +++ ++ -

3 3 2 3 2 3 2 0
L130P Loop +++ +++ + +++ ++ +++ ++ -

2 2 1 3 2 3 2 0
S94P Loop +++ +++ + +++ ++ +++ ++ -

2 2 1 3 2 3 2 0
R100H Loop +++ +++ + +++ ++ +++ ++ -

1 2 1 2 2 3 2 0
D34N Catalytic  — ++ + +++ ++ +++ ++ -

0 2 1 3 2 3 2 0
DI8IA Catalytic — — ++ + +++ ++ +++ ++ -

0 2 1 2 2 3 2 0
D34G Catalytic = — ++ + +++ ++ +++ ++ -

0 2 1 3 2 3 2 0
E158V Catalytic = — ++ + +++ ++ +++ ++ -

0 2 1 2 2 3 2 0
D179G Catalytic - ++ + +++ ++ +++ ++ —

0 2 1 3 2 3 2 0
D179N Catalytic - ++ + +++ ++ +++ ++ -

0 2 1 2 2 3 2 0
L111P Loop + ++ + +++ ++ +++ ++ -

1 2 1 3 2 3 2 0
K93R Loop - ++ + +++ ++ +++ ++ -

0 2 1 2 1 3 2 0
L97P Loop - ++ + +++ ++ +++ ++ -

0 2 1 2 1 3 1 0

Survival and growth effects of integrated toxic mutants expressed under the GALI-10 promoter (rad27::GAL-FENCh-Mut) on COM media with
different galactose concentrations (3% raffinose was used to examine the effect of low levels of induction) and 1 or 2 mM MMS. High expression
media contained 2% galactose; low expression media contained 3% raffinose and 0.01% galactose; very low expression media contained 3% raffinose
and 0.004% galactose. ‘Basal expression’ contained 3% raffinose and no galactose (replacing 3% raffinose with 2% glucose yielded no apparent
difference in results). Data have been obtained from a dilution pronging experiment following 3 days of incubation at 30°C. Gal = galactose.

aThe domain (catalytic or loop) of each mutation is shown.
bSurvival and °growth categories are the same as in Table 1.

Loop and catalytic site mutants lack single-flap
cleavage but differ in cutting at a double flap

The ability of the toxic mutants to cleave single- and
double-flap structures was compared with that of wild-type
hFENI. There was almost no cleavage of the single-flap
substrate by any of the mutant proteins under conditions
where the wild-type protein hydrolyzed 92% (0.5 ng =
0.012 pmol), 96% (5 ng = 0.12 pmol) and 99%
(50 ng = 1.2 pmol) of the molecules (Figure 6A). Unlike
the situation with the single flap, there was double-flap
cleavage for eight of the mutants, as shown in Figure 6B.
Mutants could be grouped according to cutting efficiency.
There was no activity with catalytic site mutant proteins
D34N, D179N, E158V and D181A. All the loop mutants
retained at least some cutting activity towards the double
flap, from low (L97P, together with catalytic site mutants
D34G and D179G) to medium (K93R S94P, R100H,
L111P), to medium-high (L130P), when compared with
wild-type. The position of cutting was the same as that for
wild-type protein (Supplementary figure 2A). Clearly
there is reduced activity since, under conditions that
allow only 40% cleavage by the wild-type enzyme, there

was very little cutting by any of the mutant proteins
(Supplementary figure 2B).

Thus, the loop appears to have an important role in
cleavage of both single and double flaps, with single flaps
being much more sensitive to changes in the loop. The
toxicity is inversely related to the ability to cut double
flaps, based on the results in Tables I and II, where mutants
are ranked from top to bottom in increasing order of
toxicity and the cleavage activities of the mutants
(Figure 6B).

Discussion

FENI1 plays an important role in DNA replication and
repair through its cleavage of 5" flap structures (Bambara
et al., 1997; Lieber, 1997). However, the molecular
mechanisms by which FEN1 recognizes, binds and cleaves
these substrates have not been clarified. Based on our
previous analysis of the human and yeast FEN1 genes, we
anticipated that a screen of toxic mutants would provide
structure—function insights into the role of FEN1 in DNA
metabolism. Through a combination of genetics and
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A

G1, S and G2 cells in the population

Expressed allele Gl (%) S(%) Normal G2 (%)  Abnor, G2 (%) Narmal + Cell ratio®
Abnor. G2 (%)
RAD27 87.0 + 2.6 103 + 1.5 2310 0.0 + 0.0 2310 1.000
‘WT hFEN1-Ch 825 = 4.4 10.7 = 1.3 6.7 =23 0.2 + 0.3 6.8 + 2.0 0.606
Arad27 75.5 = 6.3 13.7 + 3.3 102 + 2.6 0.8 + 06 11.0 £ 3.1 0.187
LI130P 40.7 = 4.1 9.2 = 1.8 345 + B.8 157 + 4.4 50.2 + 5.7 0.364
594P 19.5 + 2.3 B.5 + 2.5 385 + 2.2 357 + 1.0 742 + 1.8 0.202
RI100H 173+ 18 B0 x22 315+ 53 453 £ 1.9 76.8 £ 35 0.147
D34N 203 £ 1.2 7.5 +23 212 £+ 59 508 = 6.8 72.0 £ 3.5 0177
DIS1A 412 216 6.3 £ 1.0 250 + 0.9 275 + 2.3 525 + 26 0.071
D34G 26.3 = 7.1 4315 41,7 = 7.1 278 + 06 695 £ 7.2 0.071
E158V 26.3 + 0.6 4.0 + 0.0 218 + 2.1 48.0 £ 1.5 60.8 + 0.8 0.080
DIT9G 33.0 £ 4.3 67 £1.3 21.7 + 6.0 390+ 286 607 + 5.2 0.101
DI179N 400 £ 79 47 £ 21 262 £ 55 29.2 + 6.0 553 + 9.9 0.091
LI111P 18.8 = 3.1 42 +18 395 + 7.4 375 + 85 77.0 + 45 0.187
K93R 28.0 = 20 4.0 £ 2.0 18.8 + 55 49.2 + 2.9 68.0 + 35 0.065
LO9TP 275 + 2.3 3.0=+18 30,7 + 3.3 388 + 2.1 69.5 = 1.3 0.045

'The mean percentage of G1, § and normal G2 cells, as well as the percentage of abnormal G2 cells and
that of normal plus abnormal G2 cells was calculated for three independent measurements. The standard
deviation is also shown. Results are obtained with integrated mutants.

*Cell ratio for each strain refers to the titer of the mutant vs the wild type RAD27 strain (6X 10" cells/ml)

after over-night growth in Gal COM media.

biochemistry, we have established that the flexible loop, in
addition to the catalytic site, is essential for flap cleavage.
Moreover, the inverse relationship between extent of
toxicity and flap cutting ability suggested that a double flap
is the DNA structure that is acted upon by FENI1 in vivo.

Features of toxic mutants

The toxic mutant screen that was developed utilized a
Arad27 background and expression of hFEN1 which had
the terminal region replaced by the corresponding yeast
region. This replacement allows for more efficient binding
by the yeast PCNA (Gary et al., 1999). As proposed for the
rad27-n mutant (Gary et al., 1999), the interaction of a
nuclease-deficient mutant with PCNA in vivo may ‘freeze’
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Fig. 3. Cell cycle distribution and cell morphology of toxic mutants. Cells (~10°) of strains with integrated FEN1 alleles, wild-type RAD27 and
Arad27 strains were grown overnight in a microtiter plate (200 pl) in medium (Gal COM) providing high levels of induction of the wild-type and
toxic hFENT proteins. (A) Percentage of toxic mutant cells in Gy, S and G, based on microscopic analysis (Weinert and Hartwell, 1988). Also shown
is the ‘cell ratio’, which corresponds to the relative cell titer (mutant to wild-type). (B) Examples of cell morphology after overnight growth in liquid
Gal COM media of the wild-type RAD27 strain, and the mutant strains Arad27 D181A (catalytic), weak toxic L130P (loop) and strong toxic L97P
(loop).

the mutant protein at a flap leading somehow to toxicity,
possibly by preventing the action of an alternative
nuclease.

We identified 17 (Figure 2A), and characterized 12
toxic mutants that resulted in various levels of growth
inhibition and reduced survival. The toxicity appeared to
result from interference with replication similar to the
rad27-n mutation of RAD27 that exhibits a stronger
mutator phenotype than a complete deletion of RAD27
when overexpressed in wild-type RAD27 (Greene et al.,
1999). The mutants had a strong impact on cell cycle
progression, consistent with a defect in replication. The
toxic mutants also appeared to impact on repair, since low
expression from integrated toxic alleles in a Arad27
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assay. Products were separated on 20% urea polyacrylamide gels and visualized by autoradiography (top panel). Quantification was obtained with a
Phosphorlmager (bottom graph). The sequences of the 20, 21, 22, 23 and 24 oligonucleotide markers correspond to the potential cleavage products of

the 5’ flap region.

background resulted in MMS sensitivity comparable with,
or greater than, that of a Arad27 mutant (Table II). There
may even be a synergistic effect of MMS and toxicity on
yeast growth and survival; however, this requires further
analysis. Even the weakest mutants (L130P, S94P and
R100H) had no apparent positive effect on DNA repair
when expressed at low levels. Similar results were also
obtained for mutants expressed on plasmids (data not
shown).

While there was no apparent dominance in a RAD27
wild-type background, the toxic mutants exhibited partial
dominance when expressed in a RAD27 Arad51 mutant,
which is deficient in the recombinational repair of double-
strand breaks (DSBs), indicating that toxicity may involve
the production of DSBs. The enrichment of G, cells
(Figure 3A) is consistent with DSBs being produced in the
mutants. The toxic mutants also exhibited dominance over
the mutant rad27-p, which is defective in PCNA binding
and which has little phenotypic effect on its own (Gary
et al., 1999; data not shown), and over wild-type hFEN1
and hFEN1-Ch (Table I).

Relationship between toxic mutations, flaps and
human FEN1 structure

The screen for hFENI toxic mutants identified the
catalytic sites plus several amino acids within the loop
domain. The fact that there were several examples where
more than one mutation was recovered at the same site
suggested that the screen was nearly saturated for all sites
that could result in toxicity. It is possible, however, that
there are additional sites in the loop that are important in
function, and these might be revealed through other
screens.

Catalytic site

In our screen for toxic mutants, we identified all the highly
conserved catalytic residues of the N and I hFENI
conserved regions except D233 (Shen et al., 1997; Frank
et al., 1998): D34, D86, E158, E160, D179 and D181. In
hFENT, these seven conserved amino acids were assigned
to the active site pocket, surrounding two tightly bound
Mg?* ions (Shen et al., 1997; Hosfield et al., 1998; Hwang
et al., 1998). No other residues in these domains were
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Fig. 5. Effects of human FENI1 catalytic site and loop domain mutations
on DNA binding. (A) SDS-PAGE analysis of purified wild-type and
mutant hFEN1. A 1 pg aliquot of each hFENI preparation was
separated on a 12% SDS-polyacrylamide gel and stained with
Coomassie Blue R-250. (B) Control binding to the beads, where the
ability of FEN1 to bind to ‘double-flap template’ or ‘beads only’ is
assessed with anti-hFEN1 antibody. Presented are schematic views of
the single- (C) and double-flap (D) structures used for the hFENI
DNA-binding assays. DNA-binding activity of hFEN1 was tested by
using DNA substrates attached to magnetic beads via a biotin—
streptavidin linkage. The single- and double-flap templates were
incubated in a stepwise fashion and processed for immunoblot analysis
using anti-hFENI antibody. The autoradiograms correspond to proteins
bound to the single-flap (E) and double-flap (F) DNA-beads, respectively.

isolated in our screen, which suggests that toxicity is due
to a lack of nucleolytic function under conditions where
flap binding is retained. A simple loss of nuclease function
(such as found for a RAD27 deletion mutant) would not be
expected to result in toxicity.

Loop domain
The flexible loop has been proposed to be required for
specific recognition of a Y junction between the flap and
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double-stranded DNA and/or cleavage (Hwang et al.,
1998), based on the consequences of 22 and 32 amino acid
deletions in the loop domain. However, because of the
sizes of the deletions, the specific role of the loop could not
be addressed. In addition to the mutations of conserved
amino acids in the catalytic domain, we found a compar-
able number of single amino acid changes within residues
across the loop region that could alter endonuclease
activity to varying extents (K93, S94, .97, R100, L111
and L130, Figure 2). The Q113 and T127 amino acids may
also be important since toxic mutants containing these
mutations also had an E106G mutation, which on its own
retains wild-type activity. Since the toxic Rad27 and FEN1
mutant proteins retained the ability to bind flap DNA
(Figure 5E and F), as well as PCNA (Gary et al., 1999; and
data not shown), the proteins in vitro are likely to be folded
correctly. The toxic mutant proteins were unable to cut
single flaps and had reduced activity towards double flaps.
In fact, there was an approximate inverse relationship
between toxicity and double-flap cleavage for the loop
mutants. This leads us to conclude that the loop domain
has an essential role in hFEN1 cleavage activity, since not
only large loop deletions (Hwang et al., 1998) but even
single amino acid substitutions in the loop domain can
significantly impair hFEN1 cleavage. The sites of
loop mutations are conserved in human, mouse and
S.cerevisiae. We note that there is not a complete inverse
correlation between toxicity and double-flap cleavage
since some of the catalytic site mutants, which exhibited
no cleavage, were not the most toxic. There may be
additional factors that can determine the specific level of
toxicity. Possibly, changes in the flexibility of hFEN1 due
to the changes in the loop might amplify the toxicity.
Based on the size of the flexible loop and on the basic
charge distribution on the inside of the loop, it has been
proposed that this domain could interact with DNA flaps in
two ways, either by threading of the single-stranded DNA
flap through the loop or by FENI1 adopting a ‘thumb’
structure that can partially encompass the flap and slide
towards the 5’ junction (Bornarth et al., 1999). Unlike the
structure of the N-terminal fragment of E.coli DNA
topoisomerase I that folds to generate a hole large enough
to encircle a double-stranded DNA (Lima et al., 1994), the
flexible loop structures in FEN1 and TS5 exonuclease could
only form a hole large enough to accommodate a single-
stranded DNA (Ceska et al., 1996; Hosfield et al., 1998;
Hwang et al., 1998). The inability of FEN1 to process
partially double-stranded flaps (Murante et al., 1995) or
flaps adopting secondary structure (Henricksen et al.,
2000) is consistent with limited space in the loop. In either
case, the loop may also serve to orient the flap properly
with the catalytic domain. The 4% of o-helical conversion
which has been detected in the hFENI protein after
substrate binding has been attributed to the tightening of
the flexible loop around the DNA substrate (Kim et al.,
2001). The flexible loop region of hFEN1 extends from
amino acid 87 to 134, based on sequence comparison with
the M.jannaschii FEN1 (Hwang et al., 1998) and on the
model presented in Figure 2B. From crystal structure
models of FEN1 homologs, the 48 amino acids of the
flexible loop represent the only stretch of disordered
structure long enough to accommodate the turns associ-
ated with o-helical conversion that are observed when
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Fig. 6. Cleavage efficiency of hFEN1 mutants towards a single- and a double-flap substrate. Activities of buffer alone (negative control, ‘=), wild-
type hFEN1 (positive control, WT) and the 12 mutants were measured in assays designed to examine cleavage of single and double flaps. Proteins
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Quantification was carried out using a Phosphorlmager. (A) Single-flap endonucleolytic activity. (B) Double-flap endonucleolytic activity. The 3" over-
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hFEN1 binds to a flap substrate. It remains to be Flap structure
investigated whether the single amino acid changes we A stimulatory effect of a small 3" flap in the cleavage of a
identified affect the a-helical conversion. 5’ flap has been reported for mouse FEN1 (Harrington and
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Lieber, 1995), yeast Rad27 (Xie et al., 2001; Kao et al.,
2002), and P.furiosus and A.fulgidus FEN1 (Kaiser et al.,
1999). It is the presence, rather than the identity of the 3’
flap that activates the cleavage. The fact that the 3’
nucleotide of the upstream primer is unpaired during the
cleavage reaction suggests that there is a region or
pocket in the enzyme that specifically recognizes the 3’
protrusion. Such a pocket may help to position the
catalytic site of FEN1 proteins properly relative to the
flap (Kaiser et al., 1999). We found that the 3" flap did not
stimulate 5" flap cutting by human wild-type FEN1. The
position of flap cleavage was one base from the Y junction
in the duplex DNA region regardless of the flap structure.
All the toxic mutant proteins could bind single- and
double-flap DNA (Figure 5), and lacked nuclease activity
toward single-flap structures (Figure 6A). Surprisingly,
however, the loop mutants exhibited different levels of
double-flap cutting, although the position of cutting was
the same as for wild-type protein (Figure 6B and
Supplementary figure 2A). This finding suggested that
the double-flap structure is an important intermediate in
DNA metabolism that is required for the proper function of
hFENI.

We propose that the 3’-terminal nucleotide of the
upstream strand in the double-flap substrate is sequestered
by the hydrophobic pocket of hFEN1 (Kaiser et al., 1999)
to prevent replication extension and reduce strand dis-
placement by DNA polymerases during DNA replication
or repair. The interaction with the 3" nucleotide could also
help to position the flap precisely relative to the catalytic
site via the loop region. This would ensure efficient cutting
at a precise site in the Y structure so as to create a ligatable
nick for DNA ligase I with the 3’ flap (Maga et al., 2001).
Moreover, this is consistent with our observation that,
under the conditions used, wild-type and mutant FEN1
proteins cleave one nucleotide downstream in the duplex
(Figures 4 and 6B; Supplementary figure 2A), and this
double-flap cutting activity was inversely proportional to
its toxicity in vivo (compare the results in Figure 6B with
those in Tables I and II). This model suggests that the
formation of a catalytically competent substrate—enzyme
complex requires structural rearrangement of hFENT1, and
this is mediated by the flexible loop. The approximate
inverse relationship between toxicity and double-flap
cleavage by loop mutants might reflect differences in
flexibility of hFEN1. Further characterization using add-
itional mutants along with crystal structure analysis of
FEN1 bound to substrate will help to elaborate the role of
FEN1 in DNA metabolic processes.

Implications of toxic human FEN1 mutants

The characterization of toxic hFEN1 mutants in yeast has
enabled us to identify several sites in the flexible loop
required for flap processing. Altering the loop structure
may lead to toxicity of hFENI1 comparable with or even
stronger than the toxicity of catalytic mutants, where the
protein remains bound to a flap. There are several ways
that the toxic mutants may be useful in addressing issues of
damage-induced or replication-related genome instability.
For example, the toxic mutants could be employed to
identify factors that can impact on hFEN1 function. Based
on the results of expressed toxic mutants in yeast, it will be
interesting to investigate their consequences in mamma-
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lian cells. Since altered hFEN1 can affect genome stability
in yeast, the mutants might be expected to increase
chromosome alterations and mutations in human cells.
While FEN1 polymorphisms have not been identified,
such mutants could be associated with genetic diseases
that are revealed through epidemiology studies.

Materials and methods

Strains and plasmids

The S.cerevisiae strains used in this study are isogenic to a wild-type
strain E133 (MATo, ade5-1, lys2-12A, trp1-289, his7-2, leu2-3,112, ura3-
52), a derivative of CG379 containing the A;, microsatellite in LYS2
described in Greene et al. (1999). Strains E275 and DAG158 contain the
Arad27-null mutation and the rad27-p mutation F346A/F347A, which
prevents binding to PCNA, respectively (Gary et al., 1999). All genetic
and molecular procedures were performed as previously described
(Greene et al., 1999; Storici et al., 2001).

The vector YEp195SpGAL used in several constructions is a 2 um
derivative, high-copy, expression plasmid, containing the URA3 select-
able marker (Greene et al., 1999). FEN1-n and FEN1-n,Ch represent the
human FEN1 and its chimeric derivative carrying the D181A nuclease
mutation (Greene et al., 1999). Plasmids YEpl195SpGALFENI,
YEp195SpGALFENI1-Ch, YEpl195SpGALFENI-n and YEpl195Sp-
GALFEN1-n,Ch contain the sequence of the human FEN1 ORF, the
hFEN1-Ch, the hFEN1-n and the hFEN1-n,Ch sequence, respectively
(Greene et al., 1999). Plasmids YEp195SpGALFEN1 and YEp195Sp-
GALFEN1-Ch were modified by replacing the Xbal-BstXI hFENI
fragment with the same Xbal-BstXI DNA fragment from pET23dhFen]1-
C-His (A.Dutta, personal communication) in order to eliminate the Y83H
polymorphism present in the hFEN1 sequence in the original vectors. The
new constructs were termed: pGALFEN1-WT and pGALFEN1-ChWT.

Toxic mutations identified with the yeast screen were reproduced on
pET23dhFenl-C-His, pGALFENI-WT and pGALFENI1-ChWT by
in vitro mutagenesis (Quick Change Mutagenesis Kit, Stratagene,
La Jolla, CA). All constructs were confirmed by sequence analysis.
Replacement of the RAD27 ORF with that of hFEN1 and hFEN1-Ch,
expressed under the endogenous RAD27 promoter (strains FS-1 and
FS-3), was achieved using the recently developed delitto perfetto
approach (Storici et al., 2001). Similarly, all mutants expressed under
the GALI-10 promoter on pPGALFEN1-Ch were integrated into the yeast
genome in place of RAD27 ORF. Correct integration was determined by
colony PCR followed by sequencing of the PCR products, as described in
Storici et al. (2001). From previous studies, it has been shown that the
level of gene expression from the GAL!-10 promoter can be regulated by
altering the concentration of galactose (Kokoska et al., 2000; A.Inga and
M.A Resnick, personal communication). Nucleotide sequences of all the
oligonucleotides used in this study are available upon request.

Plasmid pGALHOT (Bennett e al., 1993) was used to switch the
mating type of strains E133, E275 and DAGI158.

Random generation of hFEN1 toxic mutants

Mutations were introduced into the FENI1-Ch sequence by PCR
mutagenesis using YEpl95SpGALFENI1-Ch as template and using
primers complementary to sequences ~100 nucleotides upstream from
the ATG and 60 nucleotides downstream from the stop codon of
FENI1-Ch OREF, respectively (see the Supplementary data for details).

Nucleic acids and proteins

Single- and double-flap duplex molecules were prepared from
oligonucleotides purchased from Microsynth GmbH, Switzerland. All
oligonucleotides used for the biochemical experiments are described in
Supplementary table II. Prior to annealing, oligonucleotide Ft02_01 was
labeled at the 5” end using [y-32P]ATP and T4 polynucleotide kinase. Free
ATP was removed on a MicroSpin™ G-25 column. To generate the
substrates, the appropriate primers were mixed at a 1:1 molar ratio in
20 mM Tris—HCI pH 7.4, 150 mM NaCl, heated to 75°C, and slowly
cooled to room temperature. The single-flap duplex molecule contains the
upstream primer Ft02_02 and the radiolabeled downstream Ft02_01
primer annealed to the complementary Ft02_04 oligonucleotide. The
double-flap duplex molecule contains the upstream primer Ft02_06 and
the radiolabeled downstream primer Ft02_01 annealed to the comple-
mentary Ft02_04 oligonucleotide. The pGEX-3X plasmid expressing



human wild-type GST-PCNA fusion protein was provided by R.Freire
(personal communication).

Expression and purification of hFEN1-C-His and

hFEN1-C-His mutants

The plasmid pET23d/hFenl-C-His was used as a template for site-
directed mutagenesis to generate hFEN1 mutants. Wild-type and mutant
hFEN1C-His were expressed in E.coli BL21(DE3)pLysS. For purifica-
tion, 250 ml cultures were grown to an Agoonm Of ~0.5 in LB with
100 pg/ml ampicillin at 37°C. Expression was induced by adding
isopropyl-B-D-thiogalactopyranoside to a final concentration of 0.5 mM
followed by growing for 4 h. The bacterial pellets were thawed for 7 min
at 37°C and resuspended in 3.5 ml of buffer A (50 mM NaPO, pH 8.0,
300 mM NaCl, 20 mM imidazole-HCI, 1 mM phenylmethylsulfonide
fluoride). Cells were disrupted by a brief sonication and insoluble
material was removed by centrifugation for 15 min at 15 000 g. The
supernatant was loaded onto Ni-NTA spin columns (Qiagen) previously
equilibrated with buffer A. The proteins were eluted with 300 ul of buffer
B (50 mM HEPES-NaOH pH 7.5, 300 mM NaCl, 250 mM imidazole-
HCI). The purity of the proteins was evaluated on 12% SDS—
polyacrylamide gels. Protein concentrations were determined by the
method of Bradford (1976) using the Bio-Rad reagent, and bovine serum
albumin (BSA) as a standard. Endonuclease contaminations were tested
by incubating 0.5 pg of each mutant with 0.5 pg of supercoiled
pBlueScript DNA in buffer C [S0 mM Tris—HCI pH 7.5, 5 mM MgCl,,
1 mM dithiothreitol (DTT)] for 30 min at 37°C followed by separation on
a 1% (w/v) agarose gel. No degradation was detected.

DNA binding assays

A biotinylated 284 nucleotide fragment homologous to M13mp18 DNA
from 6140 to 6423 bp was PCR amplified with upstream biotinylated
primer BP-6140 (30 nucleotides) and downstream primer BP-6423 (25
nucleotides). The biotinylated 284 nucleotide fragment was immobilized
on streptavidin—-magnetic beads (Dynabeads) in buffer D (10 mM
Tris—HCI pH 7.5, 1 mM EDTA, 2 M NaCl) for 2 h 30 min at room
temperature. Unbound products were washed off the beads twice with
buffer E (10 mM Tris—HCI pH 7.5, 1 mM EDTA, 1 M NaCl), and the
duplex DNA was denaturated with 0.1 M NaOH. Non-biotinylated
nucleotides were removed with buffer E. The beads-bound biotinylated
284 nucleotide fragment was annealed with D-45 and F-31 or F-32 and
F-31 primers (see Supplementary table II) to create the single- and double-
flap templates, respectively. DNA-beads-bound templates were washed
with buffer E and resuspended in buffer F (30 mM HEPES-NaOH pH 7.5,
8 mM magnesium acetate, 0.2 mg/ml BSA, 1 mM DTT). Binding assays
were carried out in a final volume of 16 pl. A 50 fmol concentration of
DNA templates was coated with 1.5 pmol of replication protein A (RPA)
for 2 min on ice and washed with buffer G [30 mM HEPES-NaOH pH 7.5,
5% (v/v) glycerol, 0.1 mg/ml BSA, 1 mM DTT, 0.01% (v/v) NP-40,
0.1 mM EDTA]. Reactions were performed in buffer F with 1.2 pmol of
wild-type and mutant hFen1 for 1 min at 30°C. Then, magnetic beads were
washed off with buffer G and immediately resuspended into SDS sample
buffer. DNA-binding proteins were resolved on a 12% SDS-
polyacrylamide gel and subsequently transferred to a PVDF membrane
and probed with anti-hFenl rabbit purified antibody (produced at the
animal facility in the Institute of Animal Breeding of the University of
Ziirich) followed by horseradish peroxidase (HRP)-conjugated horse anti-
rabbit IgG and enhanced chemiluminescence (ECL).

Endonuclease assays

Endonuclease assays were performed in a final volume of 12.5 pl
containing 40 mM Tris—HCI pH 7.5, 10 mM MgCl,, 5 mM DTT,
200 pg/ml BSA and 50 fmol of DNA substrates (single- and double-flap
substrates). After the addition of wild-type or hFen1 mutants, the reactions
were incubated at 30°C for 15 min and stopped with 2.5X stop buffer
[95% formamide, 20 mM EDTA, 0.05% (w/v) each of bromophenol blue
and xylene cyanol]. The products were separated on 15 or 20%
denaturating gels, visualized by autoradiography and quantified on a
PhosphorImager using the Image-Quant software (Molecular Dynamics).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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